Abstract. In this paper, a quick response artificial finger actuated by SMA springs was designed. The SMA springs were heated and cooled by water instead of electricity. A mechanical model, temperature model and SMA phase transformation model were used to predict the movement. The phalanx's response under different situation was simulated in MATLAB to verify our design and test the feasibility of the quick response of our finger.
Introduction
Shape memory alloy (SMA) is a kind of material which can recover its shape change after being heated found by Arne Olander in1930's [1] . Since this kind of material was found, many researchers have designed many different kinds of actuator driven by SMA. In 2002, the researchers of HUST designed a mechanical hand which grabbed a global that weights 3 N. The control of this experiment didn't take the hysteresis of the SMA into consideration, So the location of the figures cannot be predicted accurately [2] .In 2005, the researchers in the University of Tokyo came up with a differential motion mechanical hand which was controlled by PWM. This device used electric current which is well controlled to heat the SMA string, so they got a good result of the position [3] . The studiers in MIT design a bionic hand which is controlled by 23 divided SMA strings that makes their bionic hand move more like a human hand. All of this study done by pioneers have improved the bionic hands or fingers in different ways [4] . Using electric as the energy make it not very difficult to control, however, it also makes the response quiet slow. Especially for the cooling process, it takes a long time for the SMA to become cool in the atmosphere [5] [6] .
In order to have a quick respond, the mechanical finger is designed to be controlled or actuated by water temperature. Compere with the other method, quick respond for both heating and cooling can be achieved. What's more, heat pump can be used to recycle the heat from the water which can enhance energy utilization ratio efficiency obviously.
System Design
As it can be seen in the diagram below, the system has three parts: the controlling system, temperature controlling system, and motion system. The first part is responsible for controlling the temperature of the water use to heat the SMA. A thermocouple and PID controller is put in the Part A which is designed to adjust the temperature of the water in the cylinder.
The second part of the system is designed to actuate the finger. The drive unit of the system consists of heat pump (B), regulating value (C), SMA in cylinder (D). Two kinds of homo-thermal water from the heat pump which are used as the heat source. The regulating value will mix the two streams of water up in a certain proportion and the SMA springs will then be heated by the final water temperature.
Where T 1 , Q 1 are the temperature and flow of high temperature flow and T 2 , Q 2 are the temperature and flow of the low temperature flow. With the plunger piston moving, the flow of two streams will be changed and the final temperature will be changed too.
In the figure 1, SMA springs (D) has a prestrain 0 λ that makes it in an extension state. When the temperature of SMA spring is high enough, the martensite starts to transform into austenite and the deformation starts to recover. With the springs' recovering, the phalanx, G will turn a certain angle.
The mechanical has three phalanxes (G) every one of which is pulled by two SMA springs (F). In order to make the sketch map easy to understand we just put two phalanxes on it.
Model
In this part, we will introduce the motion model, temperature model, SMA model for the mechanical finger.
Motion Model
In this part, the motion model, temperature model, SMA model are introduced for the mechanical finger. As figure 2 shows that every phalanx is controlled by two strings which pass through the center of cylinder. There is a triangle consists of the phalanxes and the string. The length of the triangle's sides are a, b, s, so we can establish the following equation. According to the relationship, we can get a certain angle of the artificial finger.
Heat Transfer Modeling
In this system, the diameter of the spring is very small, so Newton's law of cooling [7] is used to describe the heating and cooling process:
Where m is the mass per unit length, c p he specific heat capacity; A is the circumferential area; h 0 is the Coefficient of heat convection. Forced convention is adopted to replace slow air cooling, the process will become much quicker.
SMA Modelling
The shape memory phenomenon of SMA is cause by the phase transition when the temperature of the material is changed. The theory of Liang and Rogers is adopted, put forward to describe the thermo mechanical characteristics of the SMA springs [7] [8] .
In this model, we assume that the springs are under pure shear stress and the constitutive equation can be expressed as:
Where τ is the shear stress, G is the shear modulus, γ is the shear strain, Ω is the phase transformation contribution volume factor, ξ is the fraction, Θ is the thermal expansion coefficient, T is the temperature. The Θ is far less than the factors in this equation, so we can simple it as:
According to Brinson's theory, when there is only shear stress, the Ω can be expressed in this way:
In this equation, γ m is the maximum recoverable shear strain. As the SMA springs are under pure shear stress, G could be simplified as:
Where G A and G M are the shear modulus in austenite and martensite. In this theory, the martensite is divided into stress-induced martensite ξ m and temperature-induced martensite ξ t.
The stressed-induced martensite can be described as the following equation:
In this equation, ξ is the martensite fraction, τ is the shear stress, τ s and τ f are the points where stress martensite transformation starts and ends.
When the SMA was heated, the martensite fraction can be defined as:
Where ξ is the martensite fraction, T is the temperature of SMA, A s is the temperature that austenite phase transformation starts, C A is stress coefficient.
In this paper, the SMA springs were used to get an evident displacement, the relationship of displacement and shear stress can be described as [10] :
Where γ is the shear strain, D is the diameter of spring, N is the number of active coils, d is the diameter of SMA string.
The relationship of shear stress τ and external force F can be defined as:
With combining equations (6), (9), (10), (11), and (4), we can get the function that describes the relation between force F and martensite fraction ξ.
Where P is a parameter that is defined by spring as:
Simulation
A program in MATLAB was coded to simulate the response of our phalanxes when temperature changes. A serious of SMA springs were selected whose nominal diameter is 6.22mm, string diameter is 0.763mm, active coils are 44. The distance of two phalanx centers is 70mm. The hitch pole is 40mm far from the phalanx center. And the A s and A f which represent the temperature SMA starts austenite transformation and finishes it are 28℃ and 38℃.
Whe water in 50℃ was used to heat the SMA springs and water in 20℃ to cool the SMA springs. In contrast to that, electricity current of one ampere was used to heat the SMA and leave it cool in the air. According to the result of our simulation, it takes less two seconds to heat the springs by water. And we can see that it takes only two seconds to cool the springs in water, however it takes more than one hundred and fifty seconds in air.
Conclusion
As it can be seen from the graphs above, heating by water is several times faster than using electricity current. When it comes to cooling, this difference becomes much more obvious. It takes ten times less than nature cooling in air. We can use this plan to build a quick response hands. We can use this machine in many fields, such as deep sea expedition, weight lifting, even medical science as prosthesis. It can offer a huge tension in small and do quick response. Next, we need to design a good controlling system, so that we can control the position accurately.
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